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Influence of extracellular pH on intracellular pH in arterioles
and skeletal muscle of spontaneously hypertensive and Wistar-
Kyoto rats. The effect of changing extracellular pH (pHo) on
intracellular pH (pHi) in mesenteric arterioles of spontaneously
hypertensive (SHR) and Wistar-Kyoto (WKY) rats was investi-
gated using the fluorescent indicator seminaphthorhodafluor c-
SNARF-1 to measure pHi. Although the pHi of arterioles from
WKY varied directly with pHo, that of SHR arterioles varied
inversely. This abnormal pHi regulation in SHR was corrected by
50-mM 5-(N-ethylisopropyl)amiloride (EIPA). Vmax of H
1 trans-
port in response to changing extracellular Na1 was higher in SHR
than in WKY, but Km did not differ. The Hill coefficient for H
1
transport with respect to pHi was 1.69 in prehypertensive and 1.56
in hypertensive SHR. These results indicate that the Na1/H1
exchanger is particularly hyperactive in mesenteric arterioles of
SHR.
Regulation of intracellular pH (pHi) in primary cultures
of vascular smooth muscle cells (VSMCs) from spontane-
ously hypertensive (SHR) or Wistar-Kyoto (WKY) rats
apparently differs from other cells in that pHi of VSMCs
from SHR and WKY changes inversely to extracellular pH
(pHo) [1]. Because this could be a feature acquired during
culture, we examined pHi regulation in freshly isolated
mesenteric arterioles of SHR and WKY. For comparison,
pHi regulation in slow (soleus muscle) and fast (gastrocne-
mius muscle) twitch skeletal muscle fibers was studied also.
To investigate the role of the Na1/H1 antiport (NHE) in
pHi regulation in hypertensive and normotensive rats, we
measured its activity and kinetic properties in arterioles
obtained from WKY and SHR. The effect of the NHE
inhibitor 5-(N-ethylisopropyl)amiloride (EIPA) on pHi reg-
ulation of arterioles was also investigated.
METHODS
Skeletal muscles and mesenteric arterioles were obtained
from ether-anesthetized male WKY and SHR (80 to 100 g
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Fig. 1. Intracellular pH (pHi) regulation in mesenteric arterioles from
spontaneously hypertensive (SHR; E; N 5 10) and Wistar-Kyoto (WKY;
F; N 5 10) rats and the effect of 50-mM 5-(N-ethylisopropyl)amiloride on
mesenteric arterioles from SHR (EIPA; ; N 5 6). Extracellular pH (pHo)
was varied by superfusion with N-2-hydroxyethylpiperazine-N9-2-ethane-
sulfonic acid (HEPES)-buffered saline solution.
Table 1. Mean arterial blood pressure (MAP), and maximum rate of
proton efflux (Vmax) and its Michaelis-Menten coefficient (Km) for a
defined change in extracellular [Na] in mesenteric arterioles from
young and old spontaneously hypertensive (SHR) and Wistar-Kyoto
(WKY) rats
MAP
mm Hg
Vmax
mM/min
Km
mM
WKY (body weight: 249 6 1 g) 105 6 5 6.62 6 0.71 13.56 6 1.43
WKY (body weight: 84 6 6 g) 100 6 6 6.85 6 0.51 11.11 6 2.78
SHR (body weight: 179 6 40 g) 235 6 15 9.95 6 0.45 13.71 6 0.98
SHR (body weight: 88 6 8 g) 113 6 20 12.74 6 0.53 16.23 6 2.23
Proton efflux is calculated as the product of the rate of change of pH
(pH/min) and the cell’s buffering capacity (mM/pH) and so has units of
mM/min.
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or 150 to 300 g) rats. Fibers from soleus and gastrocnemius
muscles and the arterioles were microdissected in buffered
saline solution (NaCl 140 mM, KCl 4.6 mM, MgCl2 2 mM,
CaCl2 2 mM, Glucose 10 mM; pH 7.4) at 4°C and loaded in
the dark with the membrane-permeant, fluorescent pH
indicator c-SNARF-1 (50 mM; Molecular Probes, Eugene,
OR, USA) at 37°C for 30 minutes. For fluorescence
measurements (Excitation 450 to 490 nm, Emission 580 and
627 nm), preparations were placed in a custom-made
perfusion chamber, covered with a copper mesh, and
perfused with the buffered saline solution at 37°C at 0.5
ml/min. After each experiment, a pHi calibration curve was
obtained by the 140 mM K1-nigericin method [2]. NHE was
inhibited by EIPA. Transport activity of NHE was esti-
mated as the product of pHi change (D pHi) to varying
[Na1]o and the buffer capacity. The latter was measured by
recording D pHi for a defined concentration of NH4Cl.
RESULTS AND DISCUSSION
In WKY arterioles, pHi changed almost proportionally
to pHo, both in N-2-hydroxyethylpiperazine-N9-2-ethane-
sulfonic acid (HEPES; Fig. 1) and HCO3
2 buffer solutions
(data not shown). In SHR arterioles, pHi was inversely
(abnormally) related to pHo (Fig. 1). In WKY skeletal
muscle fibers, D pHi was proportional to the pHo value set
at a specified level by HEPES-buffered saline solution
(data not shown).
To investigate the influence of the NHE activity on the
abnormal pHi regulation of SHR arterioles, NHE was
inhibited by 50 mM EIPA. Under these circumstances, a
normal pHi response was obtained; that is, the pHi changed
proportionally to the pHo (Fig. 1)
The effect of extracellular Na1 on H1 efflux in mesen-
teric arterioles in four groups, young and old WKY and
young (pre-hypertensive) and old (hypertensive) SHR, was
also investigated. In these preparations, Vmax of H
1 efflux
in response to changing [Na1]o was higher in SHR than in
WKY, whereas Km did not differ (Fig. 2, Table 1). The H
1
efflux rate for a defined [Na1]o variation is higher in both
young and old SHR than in the respective controls (Fig. 3),
and the half-maximal H1 efflux rate shifted to a more
alkaline level (Fig. 3). A Hill plot (not shown) revealed a
lower K0.5(H1) and a lower Hill coefficient for SHR (Table
2).
Earlier studies have investigated cultured VSMCs or
segments of the superior mesenteric artery [1, 3]. We
investigated pHi regulation in freshly dissected mesenteric
arterioles (diameter 80 to 130 mm). This is, to our knowl-
edge, the first report on pHi regulation in resistance vessels.
SHR arterioles responded abnormally, confirming previous
results obtained in cultured VSMCs [1]. Because many
transport systems are involved in pHi regulation, this
paradoxical regulation could result from a combination of
several abnormalities. Because specific inhibition of NHE
Fig. 2. Proton efflux rate from mesenteric
arterioles from spontaneously hypertensive
(SHR; open symbols E body wt 179 6 4 g) and
Wistar-Kyoto (WKY; solid symbols F, body wt
249 6 1 g) rats as a function of extracellular
[Na] ([Na]o). Proton efflux is calculated as the
product of the rate of change of pHi (pH/min)
and the cell’s buffering capacity (mM/pH), and
thus has units of mM per min (inset:
Lineweaver-Burk plot).
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normalized pHi regulation, NHE may play a major role in
this phenomenon. In addition, the kinetic properties of
NHE (higher activity in prehypertensive and hypertensive
SHR than in WKY) further support the view that the
abnormal pHi regulation is due to hyperactive NHE. The
reason for the higher activity is unknown. Neither overex-
pression of the NHE-1 specific mRNA [4] nor mutations in
its cDNA base sequence are found in a cell line established
from hypertensive patients. It is thus more likely that the
systems normally involved in the regulation of the NHE
activity, that is, kinases or phosphatases, are altered in
hypertensive states [5].
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Fig. 3. Proton efflux from mesenteric arterioles
following a 140-mM change in [Na]o as a
function of pHi in young (dash-dot line) and
old (solid line) Wistar-Kyoto (WKY) and young
(dotted line) and old (dashed line)
spontaneously hypertensive (SHR). Inset: time
course of the change in pHi following the
change in [Na]o.
Table 2. Mean arterial blood pressure (MAP) and the response of
proton efflux from mesenteric arterioles from young and old
spontaneously hypertensive Wistar-Kyoto (WKY) to a defined change
in [Na]o, expressed as the logarithm of the intracellular [H1] at half-
maximal efflux rate (K0.5(H1)i) and the slope (Hill coefficient, n)
MAP
mm Hg K0.5(H1)i N
WKY (BW: 249 6 1 g) 105 6 5 2.27 2.27
SHR (BW: 179 6 40 g) 235 6 15 1.97 1.69b
WKY (BW: 84 6 6 g) 100 6 6 2.20 2.17
SHR (BW: 88 68 g) 113 6 20 2.05 1.56a
a P (slope) , 0.01, b P (slope) , 0.001
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